Background. The nickel-titanium alloy used in the production of nickel-titanium files contains approx. 56% nickel and 44% titanium by weight. To improve the properties of nickel-titanium files, the manufacturers introduce some innovations in the production process. Their purpose is primarily to decrease the stiffness of the instruments while increasing the resistance to cyclic fatigue, which reduces the risk of file separation. One of the most popular processes is the heat treatment of the nickel-titanium alloy.
Introduction
The nickel-titanium alloy (nitinol) used in the production of nickel-titanium files contains approx. 56% nickel and 44% titanium by weight, with the atomic ratio of the elements being the same (equiatomic). In some nickel-titanium alloys, a small percentage (<2% by weight) of nickel is converted to cobalt. 1 Due to the ability to change the type of atomic bonds by the elements included in the alloy, the mechanical properties and its crystal structure change. These changes occur under temperature and/or stress. In dentistry, 2 characteristics of the nickel-titanium alloy are important, referred to as the shape memory effect and pseudoelasticity. 1 To improve the properties of nickel-titanium files, the manufacturers introduce some innovations in the production process. Their purpose is primarily to decrease the stiffness of the instruments, while increasing the resistance to cyclic fatigue, which reduces the risk of file separation. One of the most popular processes is the heat treatment of the nickel-titanium alloy.
The heat treatment of nickel-titanium instruments affects the temperature of phase transformations, thus determining the nickel-titanium alloy phases present in the file at room temperature. 2, 3 This process can improve the alloy properties if it is carried out in specific temperatures. Zinelis et al. showed that the heat treatment up to 430-440°C gradually increased the resistance of files to cyclic fatigue, and machining above these temperatures adversely affected the file properties. 4 In determining the structure of nitinol, it is common to compare the end temperature of austenitic transformation (the A f temperature) to the reference temperature. The reference temperature is usually defined as room temperature (37°C). In the case when the A f temperature is lower than the reference temperature, the alloy at room temperature will be completely in the austenitic phase. The heat treatment process can raise the A f temperature (45-50°C). 5 This means that at room temperature the alloy can be a mixture of the martensitic phase with the austenitic phase and/or the rhombohedrally distortion of the cubic austenitic phase (R-phase).
In 2017, a classification of nickel-titanium rotary files into 3 generations was proposed, taking the crystallographic structure and the thermal process as the criteria for classification. 6 The 1 st generation includes files in the austenitic phase, with the A f temperature below the reference temperature (A f < 37°C). [7] [8] [9] [10] This group includes Endo Sequence ® (Brasseler, Savannah, USA) with A f = 31.13°C, 9 ProFile ® (Dentsply Tulsa Dental, Tulsa, USA) with A f = 16.98°C 9 and ProTaper Universal ® (Dentsply Tulsa Dental) with A f = 17°C. 5 The 2 nd generation includes files that contain a stable martensite phase under clinical conditions. The heat treatment process raises the A f temperature, producing a variable crystallographic percentage of martensite, R-phase and/or austenite around room temperature. 5, 11 Depending on the thermodynamic processing of the alloy before or during production, this group includes nickeltitanium alloys referred to as M-Wire ® , R-phase ® and Controlled Memory ® (CM-Wire). M-Wire was introduced in 2007 by Dentsply Tulsa Dental Specialties and its production is related to the cycles of the heat treatment and annealing. 12 This cyclic process aims to stabilize the crystalline structure of nitinol in a martensitic state at room temperature. 13, 14 Various analytical methods have confirmed that M-Wire contains austenite, martensite and R-phase. The relative proportions depend on the processing conditions. The A f temperature of M-Wire is about 45-50°C. 5 The M-Wire instruments include Dentsply Tulsa Dental Specialties files: ProFile Vortex ® (A f ≈ 50°C), 9 ProTaper Next ® (A f ≈ 54°C), 15 PathFiles ® , and WaveOne
®
. This group also includes Reciproc ® (VDW, Munich, Germany). Controlled Memory (DS Dental, Johnson City, USA) was introduced in 2010. The proprietary thermo-mechanical process aims to reduce stiffness and shape memory, raise the A f temperature to about 50°C and achieve stable martensite phase at body temperature. 16 Testarelli et al. found that CM contains a lower percentage of nickel (52% by weight). 17 The CM instruments include Hyflex CM ® (Coltene Whaledent, Cuyahoga Falls, USA) with A f ≈ 57°C 18 and Typhoon CM ® (Clinican's Choice Dental Products, New Milford, USA) with A f ≈ 55°C. 19 Studies confirm that in addition to austenite at a reference temperature, the instruments also contain martensite and R-phase. 20 The 3 rd generation is nickel-titanium rotary instruments, whose alloys have been subjected to the heat treatment after machining. The new heating process after machining is aimed at minimizing defects that appeared while machining and modifying the structure of the crystalline phase. After the thermal cycle, the martensitic transformation of nitinol occurs in 2 stages (austenite-R-phase-martensite) instead of 1 (austenite-martensite). WaveOne Gold files are created in a unique heat treatment process, prior and after file manufacturing. In the first stage, nitinol is subjected to a special heat treatment under constant strain (3-15 kg) in the temperature range of about 410-440°C. Then, after machining, the instrument is heat-treated once again at a temperature of 120-260°C. The A f temperature is between 40°C and 60°C. 22 Hyflex EDM is manufactured using electrical discharging machining (EDM). Electrical discharging machining is a non-contact thermal erosion process used to treat materials with controlled electric discharges. Electric sparks cause local melting and partial evaporation of small portions of the material. After cutting, cleaning in an acid bath is carried out with the use of ultrasound. The instrument is subjected to the heat treatment at a temperature of 300-600°C before or after the cleaning process. 23 The EDM files have A f > 52°C. 24 The aim of the research was to determine the effect of the manufacturing process of rotary files on the shaping of L-shaped canals.
Material and methods
The following nickel-titanium rotary files were used in the study: ProTaper Universal (group I), ProTaper Next (group II), Hyflex CM (group III), Hyflex EDM (group IV), and WaveOne Gold (group V).
Fifty blocks with L-shaped canals (Endo-Training Blocks ® 02 taper, REFA 0177; Dentsply Maillefer, Ballaigues, Switzerland) were used in the laboratory tests. The canals were characterized by the following parameters: the working length -16 mm, apex size -15 and conicity -2%.
The blocks were randomly divided into 5 groups, 10 in each. Before starting work with the rotary files, the working length of the canal and the apical patency were confirmed using K-file 15 (VDW). The working length was verified with an endodontic ruler and a rubber stop. The canals were filled with black ink. Next, the glide path and pre-flaring were performed using PathFile ® (Dentsply Maillefer).
The canals were shaped with the nickel-titanium rotary files in each group, respecting the sequence, speed and torque recommended by the manufacturer. The sequence of the files is shown in Table 1 . The canals were instrumented using the TECNIKA ® micromotor (Dentsply Maillefer) in groups I-IV and the WaveOne Endo Motor ® micromotor (Dentsply Maillefer) in group V. Each file was used once and the canals were prepared to an apical size of 25. Between using particular files, the canals were rinsed with 0.9% saline. Glycerin was used as a lubricant and apical patency was controlled using C-pilot 10 (VDW).
The resin blocks were fixed in a constant position and photographed before and after preparation. Photographs were saved as JPEG files and were superimposed using the GIMP 2.6 ® program (https://www.gimp.org/downloads/). The change in the working length and apical transportation were evaluated.
The working length after shaping the canals was measured with an endodontic ruler, using a magnifying glass with an accuracy of 0.25 mm. There was a change in length in relation to the previously confirmed length of the canal (16 mm). Apical transportation, i.e., the shift of the apex to the outer or inner side, was assessed by determining the difference between the average amount of the material removed from the external wall of the canal and the average amount of the material removed from the internal wall (1 measuring point for the outer and inner canal walls, respectively) ( Fig. 1) . If the result was negative, the apex moved toward the inner wall of the canal, and thus a positive result meant transport to the outer wall. The results obtained were subjected to statistical analysis. For variables, average measurements were calculated: the arithmetic mean (x), the median (Me) and the scattering pattern -standard deviation (SD). Then, the compatibility of distributions of the variables analyzed with the normal distribution was checked using the Shapiro-Wilk test. Due to the deviation of distributions from normal distributions, the nonparametric Kruskal-Wallis test was performed to compare many means. The Dunnett multiple comparison test was used to compare the means with post-hoc pairs. The analysis was carried out using the STATISTICA v.12 PL ® program (StatSoft Sp. z o.o., Kraków, Poland). The level of significance was set at p < 0.05.
Results

Changes in working length
The mean loss of the working length is shown in Fig. 2 
Apical transportation
The mean apical transportation is shown in Fig. 3 . The mean apical transportation for WaveOne Gold was 0.001 ±0.024 mm, for Hyflex CM -0.014 ±0.027 mm, for Hyflex EDM -0.017 ±0.034 mm, for ProTaper Next -0.022 ±0.030 mm, and for ProTaper Universal -0.034 ±0.017 mm.
Analyzing the results of transport for individual groups, in WaveOne Gold files, the apex was transported to the outer wall in 6 cases and to the inner wall in 4 cases. In the Hyflex CM and Hyflex EDM groups, the transport was found on the external wall in 8 cases and on the internal wall in 2 cases. For the ProTaper Next group, the apex was transported to the outer wall in 7 cases, and in 3 cases to the inner wall. In 9 ProTaper Universal cases, the apex was transported to the external wall and in 1 case to the internal wall.
The comparison of apical transportation in pairs showed a statistically significant difference only between ProTaper Universal and WaveOne Gold at p = 0.0245. The value of apical transportation was significantly higher in the case of canals shaped with ProTaper Universal files as compared to WaveOne Gold ones.
Discussion
In the studies, 2 models are commonly used for the comparison of root canal shaping: resin blocks or roots of extracted teeth. [25] [26] [27] In the present study, the authors decided to use the blocks to evaluate the parameters. In these blocks, canals have precisely defined parameters, such as shape, size, conicity, and degree of curvature. Therefore, the experimental conditions are repeatable, and the only variables are the method of canal preparation and the experience of the operator. 26 Due to transparency, the blocks can be easily compared, which makes the measurements and calculations precise and accessible. However, they do not reflect the anatomy of natural teeth and the analysis of the parameters studied takes place in 2 dimensions. 27 Another disadvantage is the fact that the test blocks are made of resin, i.e., a material with mechanical parameters completely different from those of dentin. According to González Sánchez et al., the difference in hardness between dentin and resin can affect the results of clinical work. 25 It should also be emphasized that during operations with rotary files, heat is generated, which may contribute to the softening of the resin material, thus leading to inefficient shaping. 25, 26 In conclusion, resin blocks are selected for testing, as the same conditions are provided for each instrument assessed. In the case of human teeth, due to the complex anatomy of root canals, it is difficult or impossible to achieve the same experimental settings. The results of tests on resin blocks can therefore be compared, although they cannot be directly transferred to the evaluation of files in clinical situations.
To evaluate the effectiveness of canal preparation with endodontic files, the study compared the loss of the working length and apical transportation.
When comparing the shaping ability, it is important to maintain the same apical size. 28 In all the groups examined, the last used file had the same size on the tip -25. The files differed only in conicity. In the case of groups I (ProTaper Universal) and IV (Hyflex EDM), the conicity was 8% (0.08). The last file used in group V (WaveOne Gold) was characterized by conicity of 7% (0.07), in group II (ProTaper Next) -6% (0.06) and in group III (Hyflex CM) -4% (0.04). During the research, none of the instruments was broken.
Modern rotary files are made of the nickel-titanium alloy, which over the years has been subjected to numerous modifications, both in the process of mechanical manufacturing and final machining. Manufacturers, through the introduction of modern technologies, influence the parameters of the traditional nickel-titanium alloy. The changes introduced are primarily aimed at reducing the stiffness of nickel-titanium files with an increase in their resistance to cyclic fatigue.
In the literature, there are more and more studies comparing the shaping of canals by means of nickel-titanium files subjected to various heat treatment processes. 29, 30 Gu et al., in their study comparing Twisted Files ® (SybronEndo) (R-phase), WaveOne (M-Wire), Hyflex CM, and V Taper 2H ® (SS White Dental Inc., Lakewood, USA) (CM-Wire), showed that the highest apical transportation of S-shaped canals was observed in the Twisted Files (TF) group. 29 It should be noted that the authors chose files classified into the same, 2 nd generation. According to the study, the higher apical transportation is the result of the lower transformation temperature (A f ) for TF (A f < 20°C) in comparison with other files (A f ≈ 50°C). Twisted Files are stiffer and contribute to greater changes in the apical region. 29 The study of Liu et The results showed that less apical transportation was observed in the case of files whose nickel-titanium alloy was subjected to the thermal treatment process. 30 In the present study, files from all generations included in the classification were used. The 1 st one comprises ProTaper Universal, the 2 nd -ProTaper Next (M-Wire) and Hyflex CM (CM), and the 3 rd -Hyflex EDM and WaveOne Gold. Lower values of apical transportation and loss of the working length were observed after instrumentation with files that are characterized by lower stiffness (the 2 nd and 3 rd generation). ProTaper Universal, with A f = 17°C, at room temperature (37°C) are in the austenitic phase and are characterized by greater stiffness. Other files, due to A f > 37°C, are characterized by lower stiffness. In the study, files whose nickel-titanium alloy was subjected to the thermal treatment process better maintained the original course of the canal and contributed to a smaller loss of the working length and apical transportation.
Conclusions
The study, with its limitations, shows that in the files whose nickel-titanium alloy was subjected to the thermal treatment process, a smaller loss of the working length and lower values of apical transportation were observed.
